Abstract: In Sicily, karst is well developed and exhibits different types of landscapes due to the wide distribution of soluble rocks in different geological and environmental settings. Karst affects both carbonate rocks, outcropping in the northwest and central sectors of the Apennine chain and in the foreland area, and evaporite rocks, mainly gypsum, that characterize the central and the southern parts of the island. The carbonate and gypsum karsts show a great variety of surface landforms, such as karren, dolines, poljes, blind valleys, and fluvio-karst canyons, as well as cave systems. Karst areas in Sicily represent extraordinary environments for the study of solution forms. In addition,
INTRODUCTION
Sicily is the largest island in the Mediterranean Sea with an area of 25,468 km 2 and increases to 27,708 km 2 when the minor islands are included. About 10% (2650 km 2 ) of its total land is contained in four Regional Parks and seventy-six Nature Reserves created by the Sicilian Region Government starting in 1981 to conserve geological or landscape features of particular interest; a further five Marine Nature Reserves, covering an area of some 760 km 2 , were established to conserve marine life and geomorphological aspects (Dimarca, 2004) .
Parks and nature reserves preserve areas of scientific importance or outstanding environmental and aesthetic value. Some areas are of geological, paleontological, geomorphological, or archaeological interest; other provide refuge for different species of flora and fauna and are often important staging points and wintering grounds for many migratory birds. Many protected areas are designed specifically to conserve karst features; others include karst landscapes (Table 1) .
Karst in Sicily is widespread and exhibits a great variety of surface and underground landforms related to the wide distribution of soluble rocks. About 20% (more than 6000 km 2 ) of the land area consists of carbonates and evaporites, primarily gypsum. Carbonate karst lies mainly in the northwestern and central sectors of the Apennine chain and the foreland area in southeastern Sicily; gypsum karst is chiefly in the central and southern areas of the island, though evaporite landscapes are also present in the northern and western parts of Sicily (Figs. 1 and 8) .
The designation of karst landscapes as nature reserves was possible, in part, because of several research studies that highlighted the significance of gypsum and carbonate karst areas.
In addition to the first reports by Marinelli and Gemmellaro dating back to late 1800s and early 1900s (Marinelli, 1896 (Marinelli, , 1911 (Marinelli, , 1917 Gemmellaro, 1915) , gypsum karst was investigated starting in the 1980s. Distribution of gypsum karst areas of Sicily and their geomorphological and speleogenetic features have been described in several articles (P. Madonia et al., 1983; Agnesi et al., 1986; Mannino, 1986; Agnesi and Macaluso, 1989; Biancone et al., 1994; Agnesi et al., 2003) . In the last fifteen years detailed studies were carried out on gypsum karren Sauro, 1996a, 1996b; Macaluso et al., 2001; G. Madonia and Sauro, 2009 ), genesis of weathering crust and associated forms Sauro, 1996b, 1998; Ferrarese et al. 2003) , natural and anthropogenic sinkholes (Di Maggio et al., 2010) , speleogenesis and evolution of karst systems (Panzica La Manna, 1995; Vattano, 2004 Vattano, , 2008 Vattano, , 2010 Buscaglia et al., 2010; G. Madonia and Vattano, 2011) , and the role of speleothems in paleoclimate analysis (Calaforra et al., 2008) .
Studies on classic karst are less numerous. Some research was performed on the geomorphological setting of the main carbonate-karst areas (Hugonie, 1979; Ruggieri and Grasso, 2000) . Many speleological explorations surveyed more than seven hundred caves (P. Madonia et al., 1983; Mannino, 1986; Biancone, 1994; Ruggieri, 2002; Perotti, 1994) . This large amount of information prompted studies on the speleogenetic evolution and the physical deposits in selected caves (Messana, 1994; Aricò and Vattano, 2007 ; G. Madonia and Vattano, 2010) , as well as paleoenvironmental and paleoclimatic reconstructions through speleothem analysis (Frisia et al., 2006) . Macaluso et al. (1994) focused their attention on the safeguarding and sustainable use of karst geo-ecosystems.
All these studies highlighted the importance of gypsum and carbonate karst in many areas of Sicily as extraordi- Table 1 . Natural protected karst areas of Sicily (numbers correspond to those on Fig. 8 nary environments of diverse and peculiar landscapes for the study of solution forms. Nevertheless, these areas are subject to human activity. The main pressures on karst result from grazing and other agricultural practices, wildfires, quarrying, urbanization, building of rural homes, and infrastructure developments such as road and waste dumps. To preserve the peculiar surface landforms and caves, the Sicilian Regional Government designated some karst areas as nature reserves. The goal of this paper is to illustrate the main features of the karst landscapes in Sicily in different geological and lithological settings and to describe the main conservation measures adopted for their protection.
GEOLOGICAL SETTING OF SICILY
Sicily is a segment of the Alpine collisional belt along the Africa-Europe plate boundary that links the African Maghrebides to the west and southwest with the Calabria and the Appennines to the east and northeast (Catalano et al., 1996 (Catalano et al., , 2000 Avellone et al., 2010 ; Fig. 1 Catalano et al., 1996, and Avellone et al., 2010) . The inset (a) shows the tectonic map of the central Mediterranean area (after Catalano et al., 2000) . deformed and detached from the substratum (Catalano et al., 1996 (Catalano et al., , 2000 Areas marked by thick and extensive platform limestones show a great variety of surface karst forms, ranging from small (karren) to large (dolines, poljes, valleys, and karst planation surfaces), as well as cave systems.
Karren are very widespread, with different typologies according to lithology, topographic setting, structural conditions, presence of soil, and micro-climatic and other geographic factors (Figs. 2a, 2c) . Furthermore, large areas made up of densely fractured rock may be characterized by ruiniform reliefs with 0.5 to 3 m high angular pinnacles, and there are rare rock cities made up of remnant blocks and knobs of rock, separated by more or less linear corridors.
Solution dolines are less numerous in the Trapani (a few tens) and Palermo (fewer than a hundred) Mountains, while they are numerous (several hundreds) in the Madonie Mountains, mainly due to the presence of a wide summit tableland, made up of planation surfaces, in the Carbonara Massif area (Fig. 3a) . On the large planation surfaces, the larger depressions (up to 400 to 900 m in diameter) are elongated due to the presences of joints, fractures, or faults, and often originated by the coalescence of two or more dolines. Smaller depressions (diameters between 10 and 400 m) have a sub-circular perimeter if located on flat planation or horizontal structural surfaces, while they show an elongated contour if sited at the bottom of dry valleys (Fig. 3c) , along structural discontinuities, or on slopes. In the first two cases it is also possible to observe alignments of closed dolines, while in the last case, the dolines are generally open and single.
Four poljes, with steep sides and flat bottoms, have been recognized. They have maximum widths between 2 and 5 km, cover areas of 3 to 8 km 2 , and present relief of some hundreds of meters. Poljes are present in the Trapani (Purgatorio polje), Palermo (Falconeri polje, Piano San Nicolò polje), and Madonie (Piano Battaglia polje, Fig. 3b ) Mountains. These large depressions are sited in complex tectonic depressions due to E-W (Purgatorio polje), ENE-WSW and NNW-SSE (Falconeri polje), E-W and NE-SW (Piano San Nicolò polje), and ENE-WSW and NW-SE (Piano Battaglia polje) extensional or reverse/strike-slip faults, as evidenced by geological (anomalous contacts among litostratigraphic units, kinematic indicators along fault planes) and geomorphological (faults or fault-line scarps) data. Generally, the faults have a passive role in the development of poljes. Their genesis seems to be influenced mainly by selective erosion of clays at the bottom of the poljes stratigraphically or tectonically interposed between the limestone rocks that form the steep slopes identified as fault-line scarps or inclined structural surfaces. The presence of two fault scarps, ten of meters high, along the north-northwest and east-northeast margins of the Piano Battaglia polje suggests an active tectonic control in the development of this depression (Fig. 3b) .
In the platform carbonates of Sicily, the fluviokarst valleys are dry valleys and canyons, with maximum lengths of 1 to 3 km. Dry valleys are mainly located in the Palermo and Madonie Mountains; canyons also may be found in the Trapani Mountains. Dry valleys are often set along structural lines. In particular, in the Carbonara Massif area they seem to be controlled by the northwest-southeast and northeast-southwest fault systems (Fig. 3c) . In consequence of lowering of the karst base level, these valleys have been abandoned and now are seen as hanging valleys.
Planation surfaces are present in small patches at various heights between 200 and 1950 m a.s.l., both at the tops of ridges and along slopes. They are often karstified and well preserved in areas made up of carbonate bedrock. Generally, their genesis seems to be linked to several stillstand phases of the general base-level erosion. In some cases, their origin is due to marginal corrosion that affected the footslopes along the polje bottom during flood events. Subsequent relief inversion owing to dismantling of the margins is the cause of the current arrangement of the karst planation surfaces located in summit areas or along the mountainsides. Finally, several hundred horizontal and vertical caves are indicative of a well-developed deep karst network ( Fig. 4b and 4d ).
In the platform limestones outcropping in the Madonie Mountains, the best developed caves are the Abisso del Gatto and the Abisso del Vento (Biancone, 1994; Macaluso et al., 1994 ). The first is actually the deepest cave of Sicily, reaching 320 m of depth. It is a temporary sink cave, with narrow and meandering galleries connected by a sequence of shafts (Fig. 4b) , and its sink entrance absorbs waters flowing only during prolonged rainfall. The Abisso del Vento, 220 m deep and about 2 km long, consists of several superimposed tiers of galleries and big rooms joined by vertical shafts and is strongly controlled by tectonics. This cave is characterized by terra rossa deposits rich in hematite, siderite, and goethite and the presence of a large variety of carbonate speleothems (Aricò and Vattano, 2007) .
The Trapani Mountains are characterized by a large number of caves with a mainly vertical trend. The deepest cavities, located in the Purgatorio polje area, are the Abisso Purgatorio, 194 m deep, and the Abisso delle Gole, 120 m deep (Ruggieri, 2002) . In the eastern sector of the Trapani Mountains and in the platform carbonates of southwestern Sicily, some well-developed, deep hypogenic caves linked to thermal groundwater, such as Grotta dell'Eremita, Abisso dei Cocci (Fig. 4a) , and the cave complex of Kronio Mountain, occur (Messana, 1994; Perotti, 1994) .
Areas characterized both by small surfaces of platform limestones (southern Palermo, Sicani, Nebrodi, and Peloritani Mountains) and by slope to basin dolomitic limestones (central-southern Palermo, central Trapani, and western Madonie Mountains) show less development of karst. Platform limestones are marked by a great variety of karren, a few tens of dolines, and some short superimposed canyons. Dolines are generally elongated along E-W, WNW-ESE, NE-SW, and NW-SE fault lines; they exhibit maximum diameters ranging from 10 to 150 m and minimum diameters between 1 and 30 m. Canyons generally are from 400 to 800 m long and between 70 and 100 m wide and may reach up to 100 m in depth (Fig. 3d) .
In dolomitic limestones, the main karst landforms are the Pianetto polje and the Piano della Stoppa polje in the Palermo Mountains, with maximum width of 4 to 6 km and located along grabens bounded by NNE-SSW (Pianetto polje) or E-W and NW-SE (Piano della Stoppa polje) fault slopes and systems of hanging dry valleys in Monte Speziale in the Trapani Mountains and Monte dei Cervi in the Madonie Mountains. These valleys, between 1 and 3 km long, host elongated dolines developed along depressions due to rock spreading or tectonic depressions controlled by NNW-SSE (Monte Speziale) or E-W, NE-SW, and N-S (Monte dei Cervi) faults.
In addition, it is possible to distinguish large elongated and sub-circular dolines with maximum diameters ranging from 200 to 700 m, dozens of smaller dolines with diameters between 1 and 100 m, dozens of short fluviokarst canyons a hundred meters long and deep set along faults or maximum-slope lines, and rare karren fields mainly made up of ruiniform reliefs (Figs. 2b, 2d) .
The cave systems are not very developed. There are only some tens of cavities, with horizontal and/or vertical development strictly influenced by tectonic features. They are generally controlled by faults and characterized by narrow passages, deep shafts, breakdown rooms, and an abundance of carbonate speleothems (G. Madonia and Vattano, 2010 ; Fig. 4c ). The Hyblean Plateau, where platform and basin limestones crop out, is characterized by long and deep fluviokarst canyons that strike along the main regional gradients. The streams flow from the top of the plateau and develop in northwest-southeast and southwest-northeast (toward the Ionian Sea) or northeast-southwest (toward the Sicily Channel) directions. In particular, they are superimposed streams formed after lowering of the general base level as a consequence of uplift of the area. Genesis of these canyons is mainly due to fluvial downcutting. Karst dissolution is considered to be less important because of the widespread occurrence of impure limestones containing a siliceous component and alternating with marl and clay layers. In fact, other large or small surface karst forms are almost absent or not well developed. Due to the presence of only thin horizontal layers of limestone between marl and siliceous levels, caves in this sector have a predominantly horizontal development.
On the whole, both structurally controlled karst forms (fluviokarst valleys, dolines, shafts, ruiniform relief, and rock cities developed along structural lines, as well as poljes developed in depressions produced by tectonics or selective erosion) and karst forms not controlled by structure (karst planation surfaces, superimposed canyons on the Hyblean Plateau, and some dolines mainly sited along slopes) occur in carbonate rocks of Sicily. Furthermore, the larger forms can be classified as karstified tectonic depressions, depressions controlled by selective erosion where clays are intercalated between carbonate rocks, karst valleys or elongated depressions developed along faults or fractures, depressions developed in areas with strongly fractured rocks, and karst planation surfaces and small depressions that cut structures.
Finally, two different karst processes can be recognized, the first linked to phases of stillstand of the karst base level that produced horizontally developed forms (e.g., karst planation surfaces, horizontal caves, and depressions with breadth more developed than depth), and the second to lowering of the base level, which created deeply developed forms (e.g., fluviokarst canyons, pits, and deep depressions).
KARST IN GYPSUM ROCKS
In Sicily, the gypsum karst is well developed and shows different kinds of surface and subsurface landforms with over 1000 km 2 of Messinian evaporites, outcropping mainly in southern and central Sicily. Additional small gypsum outcrops occur in the northern and western parts of the island. Evaporites are composed of a succession of evaporitic limestone, gypsum, and salt, with many intercalations of clays, marls, and carbonates (Decima and Wezel, 1971; Catalano, 1986) . The gypsum units are made of branching selenite, banded selenite, massive selenite, and detrital gypsum, arranged in centimeter to meter thick beds separated by thin marl and carbonate layers. Thick, massive evaporitic carbonates are, in some places, intercalated between the gypsum beds. The gypsum units lie on clay, marly-clayey, and sandy-clayey formations of the Lower Messinian-Middle Serravallian, and are overlain locally by Pliocene calcarenites and marly clays or Pleistocene clays and arenites. The evaporitic successions were generally affected by the Plio-Pleistocene tectonic phases that generated south-trending fold-and-thrust belts and high-angle faults that produced lateral contacts between the Messinian gypsum units and the older marlyclayey deposits.
Several types of landscape characterize the gypsum karst of Sicily. From the morpho-structural standpoint, the most common styles are tabular plateaus, homoclinal ridges, fault scarps, folded relief, and isolated large gypsum blocks floating on clays. In addition, slope, fluvial, lacustrine, coastal, and hypogean geo-ecosystems can be distinguished (Sauro, 2003a; G. Madonia and Sauro, 2009) .
Transitions between fluvial and karst processes are evident in many gypsum areas (Marinelli, 1917; Agnesi and Macaluso, 1989) . These are the consequences of contact karst, due to a vertical transition from impervious rocks to soluble rocks, a lateral tectonic contact between soluble and insoluble rocks, or thin, discontinuous clastic covers of different permeability intercalated with the gypsum outcrops. The coexistence of fluvial and karst forms exemplifies the progressive transition from a surface hydrographic network to an underground circulation (Forti and Sauro, 1996) . The surface karst landforms exhibit a large variety of types ranging from micro (karren) to very large (polje).
Gypsum and small salt outcrops, with solubilities respectively of 2.5 and 360 g L 21 (Klimchouk, 1996; Ford and Williams, 2007) , are characterized by several types of karren. The karren are widespread and show a variety of shapes due to the large extent of the outcrops, the different lithofacies, and the climate. Karren features are commonly present in all kinds of evaporites, macrocrystalline selenitic gypsum, detrital gypsum with various grain sizes, microcrystalline gypsum (Figs. 5a, 5b) , and salts such as halite and kainite. Both the origin and evolution of karren are controlled by several processes such as solution and recrystallization, granular disintegration, carbonation, and phenomena linked to biological activity Sauro, 1996a, 1996b; Macaluso et al., 2001 ; G. Madonia and Sauro, 2009 ). The karren features vary from nano-and micro-forms to very large forms and develop both on the exposed surfaces and under permeable covers. Karren are present on extensive outcrops, such as denuded slopes and hilly summits, and even on the exposed faces of little stones and isolated blocks. Particular environments where some specific types of karren have been recognized are the fluvial and coastal geo-ecosystems (Fig. 5c ) and some artificial and semi-artificial geo-ecosystems, such as quarries, mine tailings, and dry walls. Generally, similarities can be seen between the gypsum and limestone karren in Sicily, despite important differences (G. Madonia and Sauro, 2009 ).
On bare gypsum surfaces gypsum bubbles (tumuli) are widely diffused (Macaluso and Sauro, 1998; Calaforra and Pulido-Bosch, 1999) . These are dome-like bulges made up of a thin layer of rock, ranging in thickness between a few centimeters and some decimeters, enclosing an underlying void. Gypsum bubbles develop mainly on selenitic gypsum and show diameters between 1 and 6 or 7 meters ( Fig. 5d ; Sauro 1996b, 1998; Ferrarese et al., 2003) .
Among the medium and large landforms, dolines are the best-developed forms in Sicilian gypsum-karst areas, both in number and typology, though blind valleys and poljes occur as well. The dolines have shapes that vary from regular conical, truncated-conical, or hemispherical to irregular and asymmetrical (Fig. 6a) . The latter are generally elongated according to the slope and show a significant difference between maximum and minimum depth; sometime these indicate the transition to blind valleys. Complex forms deriving from the merging of simpler features occur as well. Dolines vary from a few meters to several hundreds of meters in average diameter and from a few decimeters to tens of meters in depths.
The dolines are caused by normal solution (mainly point recharge), collapse, suffosion, or subsidence (Sauro, 2003b; Ford and Williams, 2007) . In some areas of Sicily, chains of aligned point-recharge dolines, formed as a consequence of an upstream migration of the swallets of small blind valleys, follow the pattern of old fluvial networks that developed on the impermeable cover. Dolines often are grouped in a well-defined karst unit, where they occupy the entire karstifiable area to form a honeycomb karst type, as in the Grotta di Santa Ninfa and Serre di Ciminna nature reserves ( Fig. 8 ; Agnesi and Macaluso, 1989; Sauro, 1996 Sauro, , 2005 .
Where gypsum is covered by pervious but not soluble rock, several karst lakes have formed in small subsidence dolines, as in the Lago Preola and Gorghi Tondi, Lago di Pergusa, and Lago Soprano nature reserves (Figs. 6d, 8) . These lakes change rapidly in dimensions, depth, and shape due to subsidence, and erosion, and changes in rainfall (Di Maggio et al., 2010) .
In southern Sicily, some kilometer-long polje-like depressions linked to folded relief are recognizable, among which the most developed is the Pantano, near Agrigento (Fig. 6c) . This polje consists of a flat and nearly horizontal floor 2.5 km long and 900 m wide, bounded by steep slopes, and formed in a tectonic depression linked to a northwest-southeast thrust.
The karst valleys are generally blind valleys that may be entirely cut in gypsum, often assuming a gorge shape, or they may be cut in insoluble sediments and end blindly at a gypsum threshold. Sometimes they have their upstream part on insoluble rocks and the downstream end incised in the gypsum ( Fig. 6b ; Macaluso et al., 2003) .
In Sicily, over two hundred gypsum solution caves are known. Generally, they open at the end of a blind valley Figure 5 . a. Karren in microcrystalline gypsum (southern Sicily). b. Solution runnels on steep slope of macro-crystalline selenitic gypsum (Grotta di Santa Ninfa Nature Reserve). c. Coastal solution runnels and scallops in pelitic gypsum due to wave splashing and surf erosion (southern Sicily). d. Gypsum bubble in macro-crystalline gypsum (southern Sicily).
C. DI MAGGIO, G. MADONIA, M. PARISE, AND M. VATTANO or at sink points located at doline bottoms. Gypsum caves in Sicily reflect the features of classic gypsum karst systems under unconfined conditions, consisting of a main drainage tube, characterized by rapid flowing water, with generally inactive tributaries locally filled by alluvial or breakdown deposits (Forti and Sauro 1996; Forti and Rossi, 2003) . Usually the caves are composed of lowgradient galleries at different elevations connected by shafts related to stillstands and lowering of the local base level (Figs. 7a, 7c, 7d; Vattano, 2004 Vattano, , 2008 G. Madonia and Vattano, 2011) .
Solution caves have several different relations to surface hydrology: through-caves, sink caves (e.g., Inghiottitoio di Monte Conca and Inghiottitoio di Sant'Angelo Muxaro), spring caves (Risorgenza di Monte Conca), active caves with streams flowing underground but with no explorable connection to either sink or spring system (Grotta di Santa Ninfa), and finally relict, inactive caves (Grotta di Entella and Inghiottitoio delle Serre) (Forti and Sauro, 1996) . Actually, the longest and deepest cave in the Sicilian gypsum is the Monte Conca system that is composed of a sink cave, an active resurgence, and a relict one, reaching more than 2.3 km in length and 132 m in depth (Vattano, 2004 (Vattano, , 2008 G. Madonia and Vattano, 2011) .
Many caves show large amounts of physical and chemical filling. The first consists of well-stratified alluvial sediments of various grain size (gravel, sand, clay, and silt) and breakdown materials. Chemical deposits are mainly gypsum and carbonate speleothems, plus secondary minerals such as sulfur, opal, phosphates, oxides, and metallic minerals (Hill and Forti, 1997) . Gypsum speleothems over carbonate ones occur in many gypsum cavities (Fig. 7b) ; this alternation can be a powerful instrument in paleoclimate studies, as demonstrated by Calaforra et al. (2008) using samples from the Grotta di Entella. Figure 6 . a. Example of truncated-conical solutional drawdown doline in gypsum karst (northern Sicily). b. Blind valley feeding the Grotta di Santa Ninfa gypsum cave; this valley has the upstream part in insoluble rocks and the downstream side incised in gypsum (Grotta di Santa Ninfa Nature Reserve). c. The Pantano, a polje formed at a tectonic depression linked to a northwest-southeast oriented thrust (Torre Salsa Nature Reserve). d. Subsidence doline developed in Pleistocene calcarenites overlying gypsum rocks and hosting a small karst lake (Lago Preola e Gorghi Tondi Nature Reserve).
PROTECTED KARST AREAS IN SICILY
Since 1981, the Sicilian Regional Government has enacted several laws for the creation of parks and nature reserves to preserve areas of scientific importance or outstanding environmental beauty. The most important steps were the ''Norms for the establishment of parks and nature reserves in Sicily' ' (Regional Laws No. 98/1981 and No. 14/1988) , approval of the ''Parks and Nature Reserves Regional plan'' (Regional Decree No. 970/1991) , and the establishment of parks and nature reserves and assignment of management of the protected areas (several regional decrees between 1984 and Dimarca, 2004) . Although there is no specific legislation for the protection of karst landscapes, as many as nineteen of the nature reserves were established for the conservation of karst features because of their intrinsic value (Fig. 8, Table 1 ). Of these, twelve reserves provide for the protection of gypsum or carbonate caves. Some caves are of great speleological, geological, and hydrological interest, and others contain important paleontological remains. In addition, many of these caves are of biological interest for the presence of significant Two protected areas were designed to conserve gypsum karst lakes of interest from the geological, hydrological, and biological point of view. Other reserves preserve karst landscapes such as gypsum karren fields, dolines, and swallow holes. In some cases, such as numbers 6 and 7 in Table 1 , the protected areas include both karst and important biological features.
Many of these areas contain special habitats of interest and species of biogeographic and preservation importance and have therefore been included in Sites of Community Importance under the Council Directive 92/43/EEC on the conservation of natural habitats and wild fauna and flora or as Special Protection Areas designated in accordance with the Council Directive on the conservation of wild birds, 79/409/EEC. Moreover, there are important karst areas and volcanic caves that are found within regional parks (e.g., the Madonie Geopark includes the carbonate karst of the Madonie Mountains) or nature reserves designated for the conservation of other environmental heritages. For example, several significant caves are located in the nature reserve of Monte Pellegrino (Palermo), which was established for the conservation of its rupestral features and the protection of some bird species. An important karstland in gypsum, marked by karren, dolines and a polje, is encompassed in the nature reserve Torre Salsa in Agrigento province, designated for its environmental and biological interest. At the same time, there are significant protected karst areas that were not established because of their intrinsic value as karst features but for different reasons. Among these, some gypsum karst lakes were designated as nature reserves only for their biological resources and because they represent important staging Figure 8 . Location map of carbonate and evaporite rocks and natural protected karst areas of Sicily (modified after Catalano, 1986, and Macaluso et al., 2001) . Numbers correspond to the list in Table 1 . Although volcanic caves are not karst features in the strict sense, they are included in this list. Circles indicate karst areas designated as nature reserves for their intrinsic karst value; squares indicate important karst areas designated as nature reserves for the protection of other environmental heritages; and triangles indicate important karst features developed within regional parks or nature reserves established for the conservation of other environmental features.
points for many migratory birds, while fluvio-karst canyons were declared nature reserves for the presence of significant associations of flora and fauna.
Most of the protected karst areas are listed as Integral Nature Reserves (INR in Table 1 ). Each reserve is divided into two areas, Zone A and Zone B, with different land use and protection rules relating to the environmental features and management goals . Zone A is the area of maximum protection, where only scientific studies are authorized and tourist access is subject to more restrictive rules. Zone B is a buffer zone between the maximally protected area and the surrounding territory. In this area, appropriate actions to promote the enhancement of the local economy are permitted, with special focus on traditional, zootechnical, and farming or forestry activities, as well as recreation, tourism, and sports. For example, in the reserves established for cave protection, Zone A includes the cave and a 5 m radius area around its entrance, while Zone B surrounds Zone A, though generally covering only part of the catchment area of the cave.
Eleven protected karst areas are designated as Oriented Nature Reserves (ONR) and one area is a Special Nature Reserve (SNR). These are also divided into Zone A and Zone B, but the maximum protection area rules are less restrictive than described above.
Management of the nature reserves was assigned by the Sicilian Regional Government to environmental associations such as the World Wildlife Fund, the Italian Alpine Club, and Legambiente or to universities, provincial administrations, or the Dipartimento Regionale Azienda Foreste Demaniali (Regional Forest Department) of Sicily. Their overall goals are to work for the protection and improvement of the natural resources, promote scientific research, and disseminate knowledge of the natural heritages of the reserves. For many protected areas, however, the strategic aim is the integration of the need to protect unique karst landscapes and their natural heritages with the promotion of forms of sustainable development (Dimarca, 2004) .
Each nature reserve should have a specific management plan for the karst features and regulations about prohibited and allowed activities in relation to the resources to be protected. But these areas are protected under general environmental legislation, because specific laws for protection of karst are lacking.
Protection and conservation measures are carried out to minimize human pressure on karst. The main threats and issues are infilling of swallow holes and dolines, inappropriate use of fertilizers, unsuitable agricultural and zootechnical practices, grazing, quarrying, wildfires, building of rural homes, waste dumps, dumping of effluent, poaching, water extraction, and unauthorized caving activities. Daily vigilance is maintained in the reserves and the surrounding areas to reduce threats and address illegal activities. Some management staff cooperate with landowners in the protected areas to promote agricultural practices in compliance with sound karst conservation.
To avoid inappropriate speleological activities, access to the caves is possible only after authorization and under the guidance of management staff. In some cases, visitation is controlled to minimize disturbance of the environmental conditions and to protect subterranean fauna.
Restoration of degraded or abandoned areas is carried out to conserve and enhance karst areas. In some reserves, illegally-built structures were demolished, native shrubs and trees species were planted, and degraded zones were changed into areas with native vegetation, educational information, and park amenities.
Scientific research is one of the most important objectives in the nature reserves, as it increases understanding of their values and provides the information needed to preserve them. Interdisciplinary investigations are carried out in close collaboration with universities, research institutes, and freelance researchers. Many students in these areas conduct studies for the preparation of graduation theses, doctoral dissertations, or they perform training activities as part of degree courses. In some reserves, geological, geomorphological, and hydrogeological studies are carried out to increase understanding of the surface and underground karst (Favara et al., 2001; Macaluso et al., 2001; Frisia et al. 2006; Vattano, 2008; G. Madonia and Vattano, 2011) . Biological studies have documented the wildlife and vegetation features, creating the conditions for their inclusion in Sites of Community Importance and Special Protection Areas (Pasta and La Mantia, 2001 ). In the caves, climate monitoring programs are carried out both to increase knowledge and to devise visitor policies (P. Madonia, 2001a Madonia, , 2001b Madonia, , 2008 . Studies on subterranean fauna documented new species and contributed to the safeguard of the underground habitat.
Much publicity about protected karst areas is advanced in order to create a conscious environmental awareness: participation in exhibitions, conferences, and local and regional trade shows; publication of brochures, calendars, hiking maps, and multi-languages DVDs; and development of environmental education programs that focus on local communities and students of all ages, from primary school to university. Some reserves diligently promote ecotourism and development based on conservation and enhancement of the natural resources, perpetuation of traditional activities, maintenance of cultural identities, and improvement of the local economy. For these purposes, networks of trails and interpretive visitor centers were constructed, some in renovated old buildings. Management bodies cooperate with institutions and local authorities to develop common cultural initiatives. Local businesses and farmers operating in the reserve areas are engaged to promote rural development and traditional agriculture compatible with the maintenance regime.
At present, the state of conservation of karst areas in Sicily may be considered to be at an acceptable level.
C. DI MAGGIO, G. MADONIA, M. PARISE, AND M. VATTANO Nevertheless there are numerous issues and difficulties that should be addressed for effective protection and enhancement of karstlands. One of the main problems is the boundaries of the reserve areas. They are often not adequate to safeguard the karst features; for example, the reserves designated for cave protection frequently do not include the entire catchment. Sometimes the cave extends partially outside the boundaries of the reserve, with obvious risks for its conservation; additional important surface landforms and caves may be located outside the protected area. These problems arise mainly because the delineation of the reserves was done on maps at an inappropriate scale (1:25,000) for accurate representation of karst features. Further, many important natural resources have become better-known through studies carried out after the establishment of the reserves.
The main stewardship difficulties, however, are linked to lack of special legislation for protection of karst areas and to structural problems in the regional conservation policy. The state of conservation of karst areas frequently depends entirely on the efforts made by the management staffs, and only some reserves have achieved the good results described above. Coordination, planning, and control by the Sicilian Regional Government do not occur (Dimarca, 2004; Casamento, 2004) . Policies lack continuity due to frequent changes of administration. Also, bureaucratic procedures are often slow and farraginous, leading to serious problems of management effectiveness.
The financial resources assigned annually by the Sicily Region, amounting to about J50,000, are clearly insufficient for all management activities. There are no funding sources to develop infrastructure or manage and acquire areas of natural and/or management interest. Most of the activities conducted by the management bodies, such as scientific research, environmental rehabilitation, and construction of footpaths, are carried out within projects funded by the European Union. Measures for the support of traditional activities and for the reorientation of existing ones have not been implemented, causing serious problems for the maintenance of the traditional agricultural landscape and the promotion of rural development (Casamento, 2004) .
Unfortunately, a good relationship between conservation activity and local communities is not always achieved. Protected areas were often frequented by hunters, used for inappropriate grazing, or subject to fires. This issue is very complex. In a somewhat simplistic way it can be argued that the conflicts may be linked to several factors. On one hand there are the lack of sensitivity of local populations to the protection of the karst environment and the mistrust of farmers towards new land uses and management. On the other hand, communication by some management bodies is weak, involvement of people and local authorities in management activities is lacking, prohibitions are too rigid in some places, and the needs of the local people are sometimes discounted.
CONCLUSIONS
Karst areas in Sicily represent extraordinary environments in their variety and peculiarity and for the study of various solution forms. Carbonate and gypsum karst exhibit a considerable variety of surface and underground landforms and are important habitats for many vegetal and fauna species. The system of protected karst areas of Sicily is one of the most important in Italy, due to the number of nature reserves, the conservation of bio-and geo-diversity, and the number of institutional authorities and environmental associations involved. Despite this, many karstlands of special scientific and environmental significance are not covered by any conservation measures, resulting in severe risks for their maintenance and preservation.
For a better conservation and enhancement of karst areas, specific legislation taking into account the high complexity and vulnerability of karst systems is needed. Greater political and economic efforts by the responsible authorities are required, and the conservation policy needs unified strategy and planning for all Sicilian karstlands. Adequate funding should be dedicated to the management, research, and sustainable development of these unique landscapes. Management bodies should have greater planning and execution autonomy and limited bureaucratic obstacles. Measures for the support of traditional activities and agricultural practices compatible with karst terrains are needed for acceptance in the local communities. Greater efforts by the management bodies both in stewardship activities and in relationships with the local population are crucially important.
Finally, it should be emphasized the uniqueness of the Sicilian gypsum karst areas, which exhibit unique features in the Mediterranean basin due to the size and thickness of the Messinian evaporite successions and the number and variety of karst landforms. As repeatedly recommended by several scholars and environmental associations, the establishment of a nature-reserve network, or an evaporite geopark, that includes both the protected areas and currently unprotected areas of great scientific and environment significance, is crucial for a comprehensive conservation of evaporite karst in Sicily.
